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Abstract—This paper regards feed mine as a mixture of 
intergrowths and pure non-magnetic mineral particles, presents a 
method to calculate the evaluation variables such as grade and 
recovery in high gradient magnetic separation (HGMS). A 
idealized capture model is constructed in which the interaction 
between particles is not taken into account and only for the initial 
aggregation condition that the separator has the highest capture 
efficiency. In the model we adopt the functions that use nominal 
particle radius and magnetic mineral content as independent 
variables to describe volume fraction distribution and capture 
efficiency of intergrowths respectively. Through adding multi-
wire magnetic fields and setting periodic boundary conditions in 
flow field analysis, we modify the computational domain of the 
single-wire capture theory to a element domain that periodically 
appears in the multi-wire matrix. By means of finite element 
software, particle trajectories, flow field and magnetic field are 
clearly exhibited, and then capture efficiency function is obtained 
by interpolation method. The calculated evaluation variables 
theoretically represent the best performance of magnetic 
separator for a given feed. They can assist mineral engineers to 
evaluate or compare the effects of different magnetic separation 
systems in advance. We use removal of iron impurity from kaolin 
as an example to illustrate the presented calculation method. The 
results quantitatively compare the evaluation variables of the 
separation at different magnetic fields and show that the 
advantage of higher magnetic field in separation efficiency 
decreases with the increase of saturation magnetization of 
magnetic mineral.  
  
Index Terms—High gradient magnetic separation, mineral 
processing, particle capture, intergrowths, magnetic field, 
laminar flow. 
PACS—41.20.Gz, 47.57.J-, 47.85.M-. 
 
I. INTRODUCTION 
HERE are some known interactions between mineral 
particles, such as agglomeration, collision, competitive 
accumulation, and entrainment, which have negative effects 
on the separation capability of high gradient magnetic 
separators. The existence of these effects has been confirmed 
in theory and in practice[1-8]. So far, however, it is almost 
entirely dependents on mineral processing experiments, in 
order to determine whether a specified separator configuration 
has economic value for separating a particular mineral, and the 
supports from the magnetic separation theory are often limited 
qualitative analysis [6-15]. Though the precise mathematical 
descriptions are already available for all the interactions 
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between the mineral particles, but it is hard to bear for solving 
an enormous number of equations that describe the interaction 
forces between particles in a meaningful numerical simulation. 
Therefore, mineral engineers have to organize a large number 
of experiments to attain a valuable separator's performance, 
although it is often vague where the best "point" should be. It 
is well known that, all interactions play negative roles in the 
frame of HGMS theory. If don't take these interactions into 
account, we can at least answer such question in theory that 
for a given mixture of mineral particles, what is the best 
separation performance the separator can achieve? This is the 
motivation to propose an idealized capture model in the paper. 
In multi-wire magnetic filter theory, the phenomenon based 
models that were developed by J.H. P. Watson et al. [16-18] 
has assumed that the particles are composed of the single 
magnetic mineral and are of a single particle size. Therefore, 
the theory can be satisfactorily applied to the occasions where 
particles are often made artificially and particle size 
distribution is relatively concentrated [9-10,19]. In these 
occasions, the nature of the magnetic separation mostly is to 
separate magnetic particles from slurry solution. But in the 
mineral processing occasions, the nature is to separate the 
magnetic particles from the non-magnetic particles, or to 
separate the relatively strong magnetic particles from the 
relatively weak magnetic particles. The compositions of the 
particles are much more complex than the artificial particles. 
For these particles, not only the particle size is various, but 
also the degree of liberation is. The mineral particle that is not 
completely liberated, in other words, that includes magnetic 
mineral and non-magnetic mineral simultaneously, are known 
as intergrowth. It has been proved that the composition and 
distribution of intergrowths are the important factors that 
determine upper limit of separator's performance. X. Zheng 
etc. [7] have studied the behavior of intergrowths and 
illustrated the existence of competitive accumulation between 
them. In our particle capture model, the goal is to calculate 
evaluation variables of the separator such as grade and 
recovery, the behaviors of all intergrowths must be fully 
considered. 
The concept of capture radius is the basis for calculating 
HGMS separation efficiency, and its numerical value is 
determined by solutions of particle motion equation, in which 
force fields must be firstly solved. Instead of using analytical 
formula, some researchers tend to use numerical methods to 
calculate the force fields [23-26]. This can at least lead to a 
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benefit that allows to introduce the effects of multi-wire on the 
magnetic field and flow field into the calculation model and 
that makes capture radius more representative in a real high 
gradient magnetic separator. Specially, with the progress of 
particle tracing technology in the commercial finite element 
(FE) software, the numerical calculation of the magnetic 
particle trajectory is becoming more and more convenient. 
When the particle size is small enough, the reaction of 
particles on the magnetic field and flow field can be neglected. 
Under the assumption of ideal capture model, we calculate the 
clusters of motion trajectories for the particles with discrete 
sizes and discrete magnetic properties by using COMSOL 
software, then determine the capture radii and the capture 
efficiency matrix in turn, and then convert the matrix into the 
continuous function by using two-dimensional interpolation 
method, finally the calculation formulae of recovery and grade 
are derived. Because all sorts of magnetic particles are treated 
equally in the model, the calculated results reflect competitive 
accumulation. 
According to the single-wire capture theory, as the buildup 
of particles on the wire increases, the capture radius will 
decrease, until the capture radius corresponds to the buildup 
surface [18]. It can be inferred that the ferromagnetic wire has 
the best capture ability in the initial aggregation stage. At this 
time the influence of the buildup on the flow field can be 
neglected, and the calculation model is simplified. 
We use kaolin clay as an example to illustrate the presented 
calculation method. In fact, the magnetic mineral content of 
kaolin is very low, and the solid concentration of slurry is low 
during magnetic separation as well. Therefore there are fewer 
opportunities for interaction between mineral particles, which 
is close to the idealized capture model. In the example we take 
saturation magnetization with zero and the maximum 
measurement value respectively for the magnetic mineral in 
kaolin - hematite, and set the magnetic field of the HGMS 
machine to 1 Tesla and 5 Tesla respectively, therefore there 
are four different cases in total. Through the calculation for 
these cases, the paper attempts to quantitatively explain a 
complaint of some kaolin mine engineers from the theoretical 
point of view. That is, in the situation of same pre-treatment 
kaolin slurry, the magnetic separation efficiency of 5 Tesla 
separator by one pass is only similar to that of 1 Tesla 
separator by two passes. 
II. THE TWO-VARIABLES VOLUME FRACTION DISTRIBUTION 
OF INTERGROWTHS 
The grade and the recovery are primary variables to 
evaluate the effectiveness of magnetic separator for a given 
feed material. The experiences show that they not only depend 
on the parameters of magnetic separator, but also depend on 
the properties of mineral particles, such as particle size 
distribution, magnetic properties and degree of dissociation 
[20-22]. According to the particle capture theory, when the 
magnetic force and fluid drag force are dominant, the motion 
behavior of magnetic particles only depend on its particle size 
and magnetic mineral content for a given HGMS's 
configuration . Representing the nominal particle radius by b, 
and the magnetic mineral content in the particles by ζ, this 
paper regards the volume fraction distribution of magnetic 
particles as a function of these two variables, and divide all 
feed particles into two groups, one is only containing non-
magnetic minerals corresponding to ζ=0, the other is the 
intergrowths with different magnetic mineral content 
corresponding to ζ ∈ (0, 1]. Obviously, the monomers of the 
magnetic mineral are contained in the intergrowths here. 
Because the original definition of magnetization is the total 
magnetic moment per unit volume, in order to make the 
expression of the magnetic field force more intuitive, all the 
mass fractions are converted into volume fraction in the 
calculation model. The volume fraction distribution of 
intergrowths in feed can be decomposed into three parts as 
follows. 
A. The Particle Size Distribution in Feed 
Regarding all particles in the feed as the overall sample in 
the view of probability theory, let pfd(b) denote the feed 
particle size distribution in volume fraction, which can be 
measured with a particle size analyzer. In general, according 
to different characteristics of particle size distribution, normal, 
lognormal, and Rosin-Rammler distributions can be used for 
approximate analytical functions. In order for higher accurate, 
we use a spline interpolation method to construct the 
continuous form of the distribution function. Whichever form 
of function is used, in the particle size range of b∈ [bmin, bmax], 
the function pfd(b) satisfies 
 
.1)(max
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fd =∫ dbbpbb                                           (1) 
We take a group of kaolin data measured by particle size 
analyzer. The data is transformed from mass fraction to 
volume fraction and from discrete to continuous in turn, and 
then used for linear spline interpolation. Fig. 1 shows a plot of 
the particle size distribution function. In the figure the plus 
sign indicates the measured data point after transformations, 
the solid line is the curve of the interpolation function, and the 
 
 
Fig. 1 The interpolation function of the particle size distribution for a kaolin
feed 
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range of the nominal particle radius is b∈ [2μm,5μm]. 
B. Magnetic Mineral Content Distribution of Intergrowths 
with an Arbitrary Nominal Particle Radius 
Regarding all intergrowths with an arbitrary nominal 
particle radius as the overall sample in the view of probability 
theory, let pmag(b, ζ) denote the magnetic mineral content 
distribution. Obviously, it is difficult to measure the raw data 
for this function. So far we have not found any corresponding 
instrument in the market. However, for the particles in which 
the fine grain magnetic minerals are embedded, the function 
can be derived from the mathematical point of view. 
Firstly, we notice such fact that the shapes of the real 
mineral particles or grains are various, just are regarded as 
spherical in the capture model. So, in order to know how many 
magnetic grains can be embedded in a mineral particle at most, 
we just simply use their volume ratio. We assume that the 
nominal particle radii of the magnetic grains are 
approximately equal and denoted by b0, then the maximum 
number of the embedded magnetic grains for the particles with 
nominal radius b is 
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where floor{·} indicates rounding down. When the amount of 
the embedded fine magnetic grains is large, according to the 
Large Number Theorem in probability theory pmag(b, ζ) 
follows a normal distribution 
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where ζg is mathematical expectation of ζ, σζ is variance, and 
Cmag is defined to satisfy 
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According to (2), when 3 nb = , the intergrowths may contain 
from 1 to n magnetic grains, the magnetic mineral content can 
be expressed as ζ ∈ [1/n, 1]. Let us take 
2
/11
g
n+=ζ  and 
2
/1-13 n=ζσ , eqn. (3) becomes function pmag(n, ζ). When 
different values of n are taken, the curves of the distribution 
function are plotted in Fig. 2. The curves are consistent with 
the realistic scenario, where the magnetic grains content in the 
intergrowth tends to one as the particle size decreases. 
Substituting ( )30bbn =  into ζg and σζ we can obtain the 
continuous function pmag(b, ζ). According to X. Yang's 
electron microscopy measurements [27], we take the nominal 
radius of hematite grain equal to 0.4 μm. Corresponding to the 
range of nominal radius b ∈ [2μm,5μm], the minimum 
embedded grain number is nmin=125, the maximum number is 
nmax=1953. It can be seen from Fig. 2 that, when n is large 
enough, pmag(n, ζ) approximately follows a normal distribution 
with ζg=1/2 and σζ=1/6. 
C. Particle Size Distribution of Intergrowths in Feed 
Regarding all particles in the feed as the overall sample of 
probability theory, let pitg(b) denote particle size distribution 
of intergrowths, which is hard to measure directly because it 
need to separate all the intergrowths from the feed before 
measuring. We still consider the fine magnetic grains 
embedded intergrowth, and assume that the opportunity for 
each grain to embed arbitrary intergrowth is equal. The 
particle size distribution of intergrowths in feed should follow 
the average distribution, which means that the function pitg(b) 
is a constant independent of particle size. Let pitg(b)=Citg, it 
can be calculated by mass balance equation of magnetic 
minerals in feed 
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where αv is volume fraction of total magnetic mineral in feed, 
which can be measured by chemical method but the 
measurement result is usually represented by mass fraction, 
the transform relationship between them is 
( ) ,1 ganmmagm
magm
ραρα
ραα −+=v
                            (6) 
where αm is mass fraction of total magnetic mineral in feed, 
ρmag is density of magnetic mineral, ρgan is density of non-
magnetic mineral. 
Based on the above analyses, the two-dimensional volume 
fraction distribution of intergrowths in feed can be expressed 
as 
 
).,()(),( magitgfdmag/fd ζζ bpCbpbp ⋅⋅=                     (7) 
In our example, we take αm=1.0%, along with the density of 
the hematite ρmag=5.26 g/cm3 and the density of the kaolin 
ρgan=2.6 g/cm3, then Citg = 9.936×10-3 is solved from (5). Thus 
the continuous distribution function of pmag/fd(b, ζ) is shown in 
Fig. 3. It clearly shows that iron impurities are mainly 
 
 
Fig. 2 The function pmag(n, ζ) when different value of n is taken. nmin=125,
nmax=1953. 
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distributed around the point with b=3.5 μm, ζ=0.5. 
III. THE IDEALIZED PARTICLE CAPTURE MODEL 
A. Computational Domains 
We use COMSOL software to calculate the capture 
efficiency matrix for all kinds of intergrowths in a given feed. 
The first issue is to determine the computational domains. The 
single-wire particle capture theory points out that the particle 
trajectory will show an oscillating behavior for a high value of 
Stokes number. In order to the capture efficiency calculation is 
not influenced by the oscillating behavior, the computational 
domains and the coordinate system in the wire's cross-
sectional plane are arranged as Fig. 4. The Stokes number 
should be checked by the following formula [18] 
 
( ),92S 02p aVb ηρ=                                         (8) 
where V0 is fluid velocity, η is slurry viscosity, a is radius of 
ferromagnetic wire, ρp is density of particle, which can be 
expressed as 
 
( ) ganmag
mag
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                                        (9) 
 
It is easy to know that ρP∈ [ρgan, ρmag]. In our example, we take 
the wire diameter 2a=50 μm and the fluid velocity V0=10 
mm/s on the inlet boundary, the calculated range of the Stokes 
number is S∈[5.2×10-4,6.6×10-3], which is far smaller than 
the boundary between high value and low value S=1/8 [18]. 
Therefore the target computational domain of particle 
trajectories is set to Zone III, but in order to avoid particles 
interact with parallel boundaries, the real computational 
domain is set to Zone II-IV. Because the computational 
domain of flow field must cover that of the particle trajectory 
and the influence of the adjacent wires on the flow field 
requires setting periodic boundary conditions on the horizontal 
walls, therefore the computational domain of the flow field is 
set to Zone I-IV. In principle, it is enough for the 
computational domain of magnetic field to cover the target 
computational domain of particle trajectories, so the 
computational domain of the magnetic field is set to Zone III. 
In order to make the magnetic field more generally represent 
the situation in the multi-wire matrix, in addition to the wires 
within the Zones, the contributions of the adjacent wires on 
the magnetic field in Zone III we also take into account. All 
involved wires as shown in Fig. 5. The magnetic filed in Zone 
III is a vector superposition of the magnetic fields that are 
generated by these wires, which will be described in detail 
below. The gravitational field is ignored because it is very 
small compared to the fluid drag force. 
 
   
Fig. 4 The computational domains of particle trajectories. 
Fig. 3 The two-dimensional volume fraction distribution of intergrowths in a
kaolin feed. b - nominal particle radius, ζ - magnetic mineral content in an
intergrowth. 
 
 
Fig. 5 The ferromagnetic wires used to calculate the magnetic field in Zone
III. 
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B. Flow Field Calculation  
The Navier-Stokes laminar flow equations are used for 
conservation of momentum and the continuity equation for 
conservation of mass. In the model, the left boundaries of the 
computational domains are set to inlet, the right boundaries 
are set to outlet, the inflow velocity on the inlet is set to V0=10 
mm/s, and the pressure on the outlet is set to 0. Both 
horizontal boundaries are set as periodic boundary conditions. 
In Fig. 4 and Fig. 5 we take the distance between vertically 
adjacent wires dy=10a, and the distance between horizontally 
adjacent wire dx=20a. They should satisfy the condition that 
the disturbance of the fluid caused by upstream wire almost 
disappear before the fluid enters into the acting zone of the 
downstream adjacent wire. 
Specially, slurry viscosity is a parameter that should be 
appropriately set. It is well known that the slurry viscosity 
increases with the increase of concentration, and when the 
concentration is equal to 0 it is equal to the water viscosity 
1×10-3 Pa·s. For kaolin slurry, combined with the two data 
points published by [28], which are η=4×10-3 Pa·s at the 
concentration of 30% and η=20×10-3 Pa·s at the concentration 
of 70%, we use linear spline interpolation function to 
approximate the relationship between the viscosity and the 
concentration as shown in Fig. 6. In general, the solid 
concentration of the kaolin slurry is 15%, so we get the slurry 
viscosity 1.777×10-3 Pa·s from the figure. By neglecting the 
influence of impurities, the density of the kaolin slurry is 
expressed as 
 
( ) fganslurry -1 ρρρ ×+×= CC                                 (10) 
where C is the slurry concentration, ρf is the density of water, 
and ρf=1.0 gm/cm3, then the calculated value of the slurry 
density is ρslurry=1.24 g/cm3. 
The calculated result of the flow field is shown in Fig. 7, 
where the color represents amplitude of local flow velocity, 
the black solid line represents streamline. It can be seen from 
the streamline, the disturbance caused by the wire is almost 
disappear before flow arrives at the outlet boundary. 
In the figure, the maximum amplitude of flow velocity 
Vmax=16.5mm/s. According to Reynolds Number formula[16] 
 ( ) ηρ aVe 2R maxslurry ⋅=                                 (11) 
 
the maximum Reynolds Number Re = 0.576 < 1, satisfies the 
condition to calculate laminar flow field. 
C. Magnetic Force Field Calculation 
Due to contain a small amount of ferromagnetic minerals, 
hematite grains often show magnetic saturation. The known 
measurement data show that the saturation magnetization of 
hematite increases with the decreases of the particle size[17, 
29]. X. Yang has proposed that the nominal diameter is in the 
range of 0.3~0.8 μm for the hematite grains that are embedded 
in an intergrowth of kaolin clay [27]. For the purpose of 
simplification, we assume the grain sizes of the embedded 
hematite are equal, then the magnetization is proportional to 
the hematite content in an intergrowth. Therefore, the 
magnetization of an intergrowth can be expressed as 
 
( )HMMM FeOF0FeOitg κζζ +==                              (12) 
where MFeO is magnetization of hematite grains, MF0 is 
saturation magnetization of hematite grains, and κFeO is the 
volume magnetic susceptibility after the saturation point. The 
radial and tangential components of the magnetic force that 
acts on the intergrowth around ferromagnetic wire respectively 
are 
 
( )[ ]2FeOF0p0mr 21 HHMVF rr ∇+∇= κζμ              (13a) 
( )[ ]2FeOF0p0mθ 21 HHMVF θθ κζμ ∇+∇=            (13b) 
where μ0 is vacuum magnetic susceptibility, Vp is the particle 
volume, and 3
p 3
4 bV π=  according to the assumption of the 
spherical shape. If consider Vp and ζ as a whole, (13) implies a 
fact that only magnetic mineral content contributes to the 
magnetic force that acts on the particle in an intergrowth.  
If the magnetic strength H in (13) is calculated by finite 
element software, the gradients of H and its square can be 
calculated by finite difference method. The advantage of this 
method is to allow to calculate for the wires with various 
cross-sectional shapes, for example, circle, rectangle, diamond, 
etc. The disadvantage is to tend to introduce a large 
computational error in the regions where magnetic field varies 
 
Fig. 6 The interpolation function of viscosity versus concentration for kaolin
slurry. 
 
Fig.7 The flow field in Zone III, where the inflow velocity V0=10 mm/s. 
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sharply. In order to compare with existing single wire capture 
theory, we choose the wire with circular cross section to 
calculate magnetic force. Only considering the situation of 
saturation magnetized wire, we use the following analytic 
formulae to calculate two components of the magnetic force [7] 
 
[ ] ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++−= θκζμ 2cos2 2
2
00FeOF03
2
p0mr r
AaHHfM
r
aAVF  
(14a) 
[ ] θκζμ 2sin2 00FeOF03
2
p0mθ HHfMr
aAVF +−=        (14b) 
where 
 ( ) ( ),2 00wr HHMA =  
( ) ,2cos212 1 22442 θraAraAf ++=  
Mwr(·) is magnetization function of ferromagnetic wire which 
is instead of a constant number to precisely calculate, H0 is 
applied magnetic field strength. For the wire made of SUS430, 
the magnetization function can be transformed from a 
measured B-H curve [30]. Compared with the finite difference 
method, the advantage of the analytical formulae is easy to 
obtain smooth and accurate magnetic field distribution. When 
MF0=0, eqn. (14) is reduced to [18] 
 
( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−= θζκμ 2cos
2 02
2
0wr
3
2
FeO0wrp0mr Hr
aHM
r
aHMVF  
(15a) 
( ) θζκμ 2sin03
2
FeO0wrp0mr Hr
aHMVF −=                     (15b) 
 
In the software, we perform the following steps to calculate 
the magnetic forces for an intergrowth represented by number 
pairs (b, ζ ). At an arbitrary spatial point with coordinate (x, y), 
Step 1 take circle center of each wire in the cross sectional 
plane as origin of Polar coordinate system, apply eqn. (14) to 
calculate the radial and circumferential components of 
magnetic force. 
Step 2 sum the components of magnetic force on radial and 
circumferential directions respectively in the coordinate 
system with the origin of O as shown in Fig. 4. 
Step 3 transform the component summation of magnetic 
forces from Polar coordinate system into Cartesian coordinate 
system xoy.  
D. Particle Trajectories Calculation 
We divide the left boundary of Zone III into N equal parts, 
let particles enter the zone at the midpoints of these parts with 
the velocity as same as the inflow velocity. The bottom 
midpoint is named as the 1st midpoint, and so on until the Nth 
midpoint. In a solution N particle trajectories can be calculated 
simultaneously. 
According to the measurement data of L. Zheng, the 
saturation magnetizations of hematite MF0 varies from about 
1.05×103A/m to 1.394×104A/m; but the volume magnetic 
susceptibility κFeO is approximately the same, equal to 
1.852×10-3 [29]. For an example, we consider a kaolin 
intergrowth with b=3.5μm and ζ=0.5. When MF0=0 is taken, 
the calculated results of the particle trajectories, the magnetic 
field and the flow field are shown in Fig. 8, where N=25 is 
taken. Similarly, when MF0=1.394×104A/m is taken, the 
calculated results of the particle trajectories, the magnetic field 
and the flow field are shown in Fig. 9. In both figures, the red 
arrows indicate the directions of local magnetic forces that act 
on the particles, the blue solid lines indicate the contours of 
the magnetic forces, and the blue numbers represent locally 
the value of ( )( )gF pMlog ρ , where FM is local magnetic 
force that acts on the particle, g is gravitational acceleration, |·| 
indicates solving vector norm. In other words, the amplitude 
of local magnetic force is characterized by logarithm of ratio 
between vector norms of local magnetic force and local 
gravity force. By combining directions and contours of 
magnetic forces together, the figures can help us to understand 
the particle behaviors such as changing motion direction, 
acceleration, and deceleration. 
In both figures, the color of particle trajectory indicates the 
value of 
ffp vvv − , where vp is local velocity of particle, vf 
is local velocity of slurry. The corresponding relationship 
between colors and numerical values is defined by the palette 
on the right side of the figures, the number above the palette 
represents the maximum value, and the below one represents 
the minimum. Because 1ffp >− vvv  occurs only in the 
region where is very close to the wire surface, so set the 
maximum color-corresponding value in the palette to 1 in 
order to observe acceleration and deceleration of particles in 
flow field more clearly. In addition, the particle radius is taken 
as the scale of 1:1 to compare the sizes of the particle and the 
wire intuitively.  
 
(a) 
(b) 
Fig. 8 The calculated results of the particle motion trajectories, the flow field 
and the magnetic field for a kaolin intergrowth with MF0=0, b=3.5μm, ζ=0.5
(a) when B0=1T, (b) when B0=5T.  
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We can find some facts from Fig. 8 and Fig.9 as follows. 
First, in the case of MF0=0, when magnetic field increases 
from 1T to 5T, the number of captured particles changes from 
7 to 16, increased by 128.6%; but in the case of 
MF0=1.394×104A/m, when magnetic field increases from 1T to 
5T, the number of captured particles changes from 15 to 20, 
only increased by 33.3%. This tell us that the separation 
efficiency can be effectively improved by increasing the 
magnetic field from 1T to 5T only when the saturation 
magnetization of hematite is lower. Second, during the 
movement the particles that are not captured are repulsed by 
the magnetic force and move away from the wire. The greater 
the saturation magnetization of the hematite and the applied 
magnetic field, the more obvious this movement phenomenon 
is. One may readily see that, the particles does not follow the 
average probability to enter the capture zone of the 
downstream wire. If the wires in magnetic separator is aligned 
in the vertical direction as shown in Fig. 4, the particles that 
are not captured by upstream wire can hardly be captured by 
downstream adjacent wire. Therefore, in the initial stage of 
aggregation, the capture probability of the first wire column to 
the particles is that of the whole magnetic separator. On the 
contrary, if the wires of adjacent columns staggered in the 
vertical direction, the particles that are not captured by the 
upstream wire can be more easily captured by the downstream 
adjacent wire. Obviously, compared with the aligned 
arrangement, the staggered arrangement has a significant 
advantage in the separation efficiency. But for a fine 
ferromagnetic wire, e.g. wire diameter of 50μm presented in 
this paper, it is not easy to fabricate a wire stack with 
staggered form. Third, due to the spatial magnetic field force, 
the amplitude and direction of particle velocity constantly 
changes, which are even very severely in the region close to 
the wire. Therefore, there is an inevitable collision between 
intergrowths and pure non-magnetic mineral particles. These 
collisions will disturb the normal magnetic separation process, 
moreover deteriorate the capability of magnetic separator. In 
addition, if the distances between intergrowths are too short, 
magnetic agglomeration may occur. Since these interactions 
are not considered, we say that the proposed model is 
idealized and the calculated results can only represent the best 
separation results of magnetic separator. In fact, the engineers 
of mineral separation plants always attempt to make a 
compromise between separation efficiency and productivity 
by adjusting slurry concentration. 
Ideally, we assume that the particles obey the average 
probability distribution at the inlet boundary. Then, in the 
model of Fig. 4 the capture efficiency of intergrowths is equal 
to the ratio of the particles that eventually fell onto the wire to 
total particles that start from the inlet boundary. For all the 
intergrowths in the feed, the capture efficiency is a function of 
nominal particle diameter and magnetic mineral content, can 
be denoted as Ecap(b, ζ). In the Zone III shown in Fig. 4, it is 
defined as due to single wire capture theory 
 ( )2),(),( ccap ydbRbE ζζ =                                 (16) 
where Rc represents capture radius. As can be seen from Fig. 8 
and Fig. 9, the greater the N value is, the more accurate the 
calculated capture efficiency is, so we take N=200 in the 
below calculation. It is worth noting that the definition of the 
capture efficiency is only suitable for the initial stage of 
(a) 
(b) 
Fig. 10 The capture efficiency function of the kaolin intergrowths for
SUS430 wire with diameter 2a=50μm (MF0=0, b∈[2μm,5μm], ζ∈(0,1]), (a) 
B0=1T，(b) B0=5T. 
(a) 
(b) 
Fig. 9 The calculated results of the particle motion trajectories, the flow field
and the magnetic field for a kaolin intergrowth with MF0=1.394×104A/m,
b=3.5μm, ζ=0.5 (a) when B0=1T, (b) when B0=5T.  
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aggregation, which remarkable characteristic is that the 
aggregation of particles on ferromagnetic wire does not affect 
the trajectories of the particles. 
The discrete values of capture efficiency are calculated on 
the discrete data pairs (b, ζ) using finite element software and 
the continuous function of capture efficiency is formulated 
with two dimensional linear spline interpolation. As an 
example, the capture efficiency function of the kaolin 
intergrowths in the feed are shown in Figure 10 and Figure 11, 
where the ferromagnetic wire is made of SUS430 with 
diameter 2a=50μm, in Fig. 10 the saturation magnetization of 
hematite MF0=0, and MF0=1.394×104A/m in Fig. 11. For the 
purpose of comparison, each figure illustrate two cases where 
The background magnetic fields of B0=1T and B0=5T are 
applied respectively. These two figures show that the capture 
efficiency is a monotonically increasing function of particle 
radius and magnetic mineral content, and a higher MF0 makes 
the capture efficiency function of the 1T magnetic field closer 
to that of the 5T magnetic field. 
 
IV. EVALUATION VARIABLES OF HGMS 
A. Evaluation Variables Calculation 
Once the two-dimensional volume fraction distribution of 
intergrowths pmag/fd(b, ζ) and the capture efficiency function of 
HGMS Ecap(b, ζ) are given, the grade and the recovery of 
separated minerals can be calculated. We consider the volume 
fraction of feed as 100%, the volume fraction of intergrowths 
in feed can be calculated by 
 
.),(max
minb
1
0 mag/fditg/fd ∫ ∫= b dbdbpV ζζ                          (17) 
 
The corresponding mass is 
 
( )[ ] ,),(1)0( max
minb
1
0 mag/fdganmagitg/fd ∫ ∫ −+= b dbdbpQ ζζρζζρ  (18) 
 
where Qitg/fd(0) means the mass of intergrowths that are left in 
the feed after the 0th separation. The total mass of the pure 
non-magnetic particles is 
 ( ) .1 ganitg/fdgan ρVQ −=                                           (19) 
 
Since the pure non-magnetic particles can't be magnetically 
captured by ferromagnetic wire, no matter how many times 
the magnetic separations are, Qgan has remained the same. 
Thus, the total mass of the feed is 
 
.itg/fdganfd QQQ +=                                           (20) 
 
After nth separation, the mass of the captured intergrowths 
is 
 
( )[ ]
[ ] .),(),(1
),(1)(
cap
1
cap
b
1
0 mag/fdganmagcpi
max
min
dbdbEbE
bpnQ
n
b
ζζζ
ζρζζρ
−−⋅
−+= ∫ ∫     (21) 
 
the mass of the magnetic mineral in the captured intergrowths 
is 
 
[ ] .),(),(1
),()(
cap
1
cap
b
1
0 mag/fdmagmag/cpi
max
min
dbdbEbE
bpnQ
n
b
ζζζ
ζζρ
−−⋅
⋅= ∫ ∫                   (22) 
 
Then the grade of total captured intergrowths is 
 
)(
)(
cpi
1
mag/cpi
nQ
nQ
n∑
=β                                         (23) 
 
and the recovery of the magnetic mineral is 
 
(a) 
(b) 
Fig. 11 The capture efficiency function of the kaolin intergrowths for
SUS430 wire with diameter 2a=50μm (MF0=1.394×104A/m, b∈[2μm,5μm],
ζ∈(0,1]), (a) B0=1T，(b) B0=5T. 
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mfd
1
mag/cpi )(
αε ⋅=
∑
Q
nQ
n
                                        (24) 
 
In the case of removing magnetic impurities from non-
magnetic minerals, the concerned evaluation variables 
respectively are the mass fraction of residual magnetic mineral 
in non-magnetic mineral and the recovery of non-magnetic 
mineral. The non-magnetic mineral in the feed can be divided 
into two parts. One part involves all of pure non-magnetic 
particles, The other involves all of non-magnetic mineral 
contained in intergrowths. After nth separation, the mass of 
the non-magnetic mineral in the captured intergrowths is 
 
( )
[ ] .),(),(1
),(1)(
cap
1
cap
b
1
0 mag/fdgangan/cpi
max
min
dbdbEbE
bpnQ
n
b
ζζζ
ζρζ
−−⋅
⋅−= ∫ ∫              (25) 
The mass of the intergrowths that are left in the feed is 
 
( )[ ]
[ ] .),(1
),(1)(
cap
b
1
0 mag/fdganmagitg/fd
max
min
dbdbE
bpnQ
n
b
ζζ
ζρζζρ
−⋅
−+= ∫ ∫     (26) 
 
The mass of the magnetic mineral of intergrowths that are left 
in the feed 
 
[ ] .),(1
),()(
cap
b
1
0 mag/fdmagmag/lfi
max
min
dbdbE
bpnQ
n
b
ζζ
ζζρ
−⋅
⋅= ∫ ∫                     (27) 
 
Therefore, the mass fraction of residual magnetic mineral is 
 
.
)(
)(
)(
itg/fdgan
mag/lfi'
nQQ
nQ
n +=θ
                                 (28) 
 
The recovery of the non-magnetic mineral is 
 
)1(
)(
1)(
mfd
1
gan/cpi
'
αε −⋅−=
∑
Q
nQ
n
n
                                  (29) 
 
B. The Calculated Results 
Removal of iron impurity from kaolin is used as our 
example, the distribution properties of the feed and the capture 
efficiency function are obtained in the 2nd and 3rd sections. 
The calculated evaluation variables of HGMS are listed in 
Table I and Table II, where the saturation magnetizations of 
hematite are MF0=0 and MF0=1.394×104A/m respectively, the 
background magnetic intensity and the number of times of the 
feed passing through the separator are used as variables. 
C. Discussion 
As can be seen from the Table I and Table II, when the 
saturation magnetization of hematite MF0=0, the separation 
efficiency at the 5 T magnetic field by 1 pass is better than that 
at the 1T magnetic field by 3 passes; when the saturation 
magnetization of hematite MF0=1.394×104A/m, the separation 
efficiency at the 5T magnetic field by 1 pass is similar to that 
at the 1T magnetic field by 2 passes. One may see that the 
hematite with higher saturation magnetization is easier to be 
removed, but makes the advantage of the 5T magnetic field 
degraded as well. Conversely, the 5T magnetic field has 
appropriate advantage than 1T only when the hematite has 
lower saturation magnetization, which seems to give a 
explanation for the complaint of those kaolin mine owners. 
We also note that in the magnetic separation practice of kaolin, 
it is hardly to obtain such a high value of recovery as high as 
that in Table I and Table II. It implies that, on the surface of 
ferromagnetic wire, the magnetic capture of magnetic particles 
is always accompanied by the mechanical capture of non-
magnetic particles. In order to obtain more realistic evaluation 
variables, it is necessary to further study the mechanical 
capture. 
The above analyses show that, with increase of the 
saturation magnetization of hematite the advantage of higher 
magnetic field decreases in separation efficiency, it can be 
explained by the magnetization properties of magnetic 
minerals in nature. From the original definition we can derive 
the following magnetic force formula for a hematite particle 
 
( )[ ]
.
2
1
2
1
FeOp0
2
fFeOp0m
HMV
HHMVF
∇≈
∇−∇=
μ
κμ
                         (30) 
where κf is the volume magnetic susceptibility of water.  
TABLE I 
THE CALCULATED EVALUATION VARIABLES, ASSUMING THE SATURATION 
MAGNETIZATION OF HEMATITE CONTENT IS EQUAL TO 0 
 B0=1 T B0=5 T 
 1st pass 2nd pas 3rd pass 1st pass
The hematite content 
in the feed (wt.%) 1.0 1.0 1.0 1.0 
The mass fraction of 
residual magnetic 
mineral (%) 
0.71 0.51 0.268 0.33 
The recovery of 
non-magnetic 
mineral (%) 
99.9 99.8 99.7 99.7 
TABLE II 
THE CALCULATED EVALUATION VARIABLES, ASSUMING THE SATURATION 
MAGNETIZATION OF HEMATITE CONTENT IS EQUAL TO 1.394×104A/M 
 B0=1 T B0=5 T 
 1st pass 2nd pass 1st pass
The hematite content in the
feed (wt.%) 1.0 1.0 1.0 
The mass fraction of residual
magnetic mineral (%) 0.35 0.14 0.17 
The recovery of non-
magnetic mineral (%) 99.7 99.6 99.6 
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It can be seen from (30), the magnetic force is proportional 
to the magnetization MFeO. In the example of hematite, the 
magnetization can be expressed as a function of local 
magnetic field 
 
( ) .)( 0FeOF0FeO BMBM μκ+=                          (31) 
When the background magnetic field increases from B1 to B2, 
the magnetization of hematite increases by 
 
.
)( 1FeOF00
12
1FeO
FeO
BM
BB
BM
M
+
−=Δ κμ                          (32) 
 
Let B1=1T and B2=5T, according to (32), the magnetization 
of hematite increases by 400% when MF0=0; and the 
magnetization of hematite increases only by 38.2% when 
MF0=1.394×104 A/m. This is the essential reason why the 
advantage of higher magnetic field in separation efficiency 
decreases with the saturation magnetization increase of 
hematite. 
V. CONCLUSIONS 
Based on the idealized capture model, we have presented a 
method to calculate the evaluation variables such as the grade 
and the recovery in high gradient magnetic separation 
(HGMS). The magnetic separation as the dominant physical 
process in HGMS has clarified. In the model, we have adopted 
functions of two independent variables, which are nominal 
particle radius and magnetic mineral content in a intergrowth, 
to describe volume fraction distribution of intergrowth and 
capture efficiency of ferromagnetic wire respectively. The 
intergrowth is referred to a particle characterized by nominal 
particle radii and magnetic mineral content in the paper. The 
calculated results represent theoretically the best performance 
of high gradient magnetic separator for a given feed mine. 
Thus, the objective of the single-wire capture theory is 
expanded from the particle group with same particle size and 
same kind of magnetic mineral to the mixture composed of 
intergrowths and pure non-magnetic particles. By means of 
finite element software, the model of the single-wire capture 
theory is modified to the element domain that is periodically 
appear in multi-wire matrix. On the basis of this research, the 
physical processes such as mechanical capture and collision 
could be continued to quantitatively study in breadth, and the 
change rule of evaluation variables during entire aggregation 
stage could be continued to quantitatively study in depth. 
These studies will enable us to more clearly recognize the 
complex physical processes of HGMS for a general mineral. 
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